Benzalkonium chloride (BAC) and cetyl pyridinium chloride (CPC) are two of the most common household antiseptics, but show weaker efficacy against Gram-negative bacteria as well as against methicillin-resistant Staphylococcus aureus (MRSA) strains, relative to other S. aureus strains. We prepared 28 novel quaternary ammonium compounds (QACs) that represent a hybrid of these two structures, using 1-to 2-step synthetic sequences. The biscationic (bisQAC) species prepared show uniformly potent activity against six bacterial strains tested, with nine novel antiseptics displaying single-digit micromolar activity across the board. Effects of unequal chain lengths of two installed side chains had less impact than the overall number of side chain carbon atoms present, which was optimal at 22-25 carbons. This is further indication that simple refinements to multiQAC architectures can show improvement over current household antiseptics.
Household QACs are exemplified by benzalkonium chloride, developed in the 1930s, [4] which features a quaternary ammonium group bearing two methyl groups, a benzyl group, as well as a variable long-chained alkyl group, generally from 8-18 carbons long. While modest changes to this parent structure have been noted over time, including modification to add an ethyl group onto the aromatic moiety, as well as replacing the benzyl group with a decyl group (resulting in DDAC), it remains a workhorse of household antiseptic use. [1] While BAC is present in select personal care applications, such as oral formulations for use against canker sores, even more common in personal hygiene products such as mouthwashes is cetyl pyridinium chloride (CPC), which uses a hexadecyl chain to quaternize a pyridine nitrogen. One can infer the relative lack of toxicity of these compounds, as few cases have been reported of overexposure to these structures, perhaps owing to their rapid clearance from the body. [1, 5] While these structures enjoy a privileged position in the household, their ability to eradicate bacteria is not without shortcoming. Both compounds show a diminished activity against Gram-negative bacteria, more noticeably for BAC; this is overcome by the use of relatively high concentrations of BAC in household formulations. Of greater concern is the diminished activity that each presents against methicillin-resistant Staphylococcus aureus (MRSA) strains, as compared to methicillin-susceptible S. aureus (MSSA) strains. Our research group has investigated the diminished activity of such mono-QACs against MRSA strains, endeavoring to uncover structural reasons for this phenomenon, or structure-resistance relationships. [6] In any case, it is becoming clear that MRSA strains showing resistance to QACs are rapidly increasing in prevalence in clinical settings; [7] we can no longer be complacent with the activity of BAC and CPC to eradicate pathogens in the household ( Figure 1 ).
Our laboratories have endeavored to develop inexpensive and easily prepared alternatives to commercial antiseptics, with an eye on multicationic quaternary ammonium compounds (multiQACs). [8] Along with many other research groups, [9] we have observed superior antiseptic activity for such species, notably against MRSA strains as well as biofilms, [8j] which are noticeably recalcitrant against standard antiseptics. Improved bioactivity may result from superior attraction to the bacterial cell surface, enhanced membrane disruption, diminished susceptibility to bacterial resistance mechanisms, or a combination thereof. Herein, we report our progress to prepare bisQACs that represent a hybrid structure of BAC and CPC, to see if we could not only improve upon the bioactivity of these two, but also breathe new life into a set of structures that would not show diminished activity toward Gram-negative species or MRSA strains.
Our synthetic campaign toward such hybrid bisQACs aimed to take advantage of the three possible modes of superimposition of a "BAC residue" upon the pyridine ring of the "CPC residue"; we envisioned possible linkage at the 2, 3, or 4 positions of the pyridine ring. An inexpensive starting material was identified in 2-dimethylaminomethyl pyridine (Figure 2 , top), and it showed the ability to alkylate once, strictly at the tertiary alkyl amine, in excellent yield. We dubbed the resultant "hybrid" QAC as o-Hy-16,0, indicating the pseudoortho nature of the substitution on the ring, as well as the attachment of one 16-carbon chain, but no second alkylation at the pyridine nitrogen. Disappointingly, a variety of conditions failed to subsequently alkylate at said pyridine nitrogen, likely owing to steric hindrance. Subsequently, we prepared and investigated the known and somewhat volatile 4diethylaminomethyl pyridine [10] (Figure 2 , middle), which again was limited to monoalkylation, this time at the pyridine nitrogen. In an attempt to extend the linker length separating the alkyl amine from the pyridine moiety and perhaps diminish steric encumbrance, we investigated the alkylation of 4-(2-diethylaminoethyl) pyridine, which simply led to decomposition under a variety of synthetic conditions.
Sensing that the placement of the tertiary alkyl amine at the ortho position led to excessive steric hindrance, as did the use of ethyl groups on the nitrogen, we identified an alternative launch point in the commercially available 3-dimethylamino-methyl pyridine (Scheme 1). We were delighted to find that bi-salkylation was successful and high-yielding for this bisamine starting material, providing a set of "hybrid" bisQACs we dubbed m-Hy-n,n, wherein n represented the number of carbons on the attached alkyl chains. Bis-alkylation yields ranged from 54-89 %; pure products were obtained after triturations and completely characterized (see Supporting Information).
To broaden the structures available in this hybrid structural class, we considered our previous insight from a bisQAC investigation where we noted that some modest levels of asymmetry in bis-QACs led to marginally improved antiseptic activity. [8k] We were unable, however, to effect a clean monoalkylation with the above conditions, even while limiting the alkyl bromide to a single equivalent. To our delight, we were able to effect a modest level of selectivity of alkylation when employing the corresponding alkyl iodide, which perhaps led to a less-soluble resultant monoQAC bearing the iodide counterion (Scheme 2); reaction proceeded at the alkylamine. Although we were not able to then bis-alkylate at the pyridine position using traditional alkyl electrophiles, we were able to use more reactive amidesubstituted alkyl halide electrophiles to effect the preparation of bisQACs; we had used such electrophiles in a recent report, [8a] as they provided a level of designed instability in acidic conditions. As a result, we were able to prepare 16 more hybrid bisQACs, in variable yields that averaged 48 %. Purification of these structures took careful (and often, repeated) trituration with varying proportions of acetone/hexanes. Our naming scheme for the amidecontaining side chains counts the total number of atoms in the chain, including the amide nitrogen and carbonyl carbon, for direct comparison with simple alkyl chains; the letter A is appended to the atom length to indicate the amide present.
With 28 novel mono-and bisQACs in hand, varying in both alkyl chain lengths and the nature of the substituent, we inspected both antimicrobial activity and toxicity, using red blood cell (RBC) lysis as a proxy. These assessments followed standard protocols employed by our group and others. [8, 11] The complete set of MIC values against six bacteria [Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa, community-acquired methicillin-resistant SA (USA300-0114), hospital-acquired methicillin-resistant SA (ATCC 33591)], along with red blood cell lysis (presented as lysis 20 , the highest concentration at which <20 % of RBCs are lysed), is presented in Table  1 .
Inspection of the bioactivity profile of the 28 novel hybrid antiseptics, in comparison with the commercial standards which inspired them, indicates some clear trends. The monocationic hybrid compounds showed uniformly modest bioactivity, roughly similar to the activity of BAC. CPC, however, showed strong bioactivity against Gram-positive strains, yet had both diminished activity against Gram-negative bacteria (e.g., MIC of 63 μM vs. P. aeruginosa) and community acquired MRSA (32-fold decrease in activity relative to MSSA), indicative of resistance pathways. [3, 12] The amide side chain seemed slightly less effective than the alkyl counterpart, as evidenced by a comparison of m-Hy-12,12 to m-Hy-12,12A, though this might be outweighed by the desire for environmental degradation capabilities. Resistance was generally not observed in MRSA against the bisQAC structures, with the exception of a fourfold increase observed for the smallest bisQAC, m-Hy-8,8. This increased MIC against MRSA has been observed for similarly small multiQACs, [8b] but we cannot yet offer a hypothesis for what resistance mechanisms are in operation in this case.
The bisQACs displaying the strongest bioactivity (e.g., m-Hy-11,11, m-Hy-12,12) showed a remarkably consistent MIC level (1-4 μM) against the bacteria tested, with uniform activity against both Gram-positive and Gram-negative bacteria, as well as across the three S. aureus strains tested. In fact, nine different bisQACs showed single-digit MICs against all six strains tested, though BAC and CPC did not function at this level. It should be noted that longer chained bisQACs showed a diminished effect against select bacterial species, most notably E. faecalis and P. aeruginosa. While we often see diminished water solubility for our longest-chained compounds, the disparity of the activity across the board was intriguing; m-Hy-18,18 was both potent against three Staphylococcus strains (MIC =8-16 μM) and essentially inactive against E. faecalis and the two Gram-negative strains (MIC =125 to >250 μM).
Regarding the option of asymmetry that we designed into this set of compounds, we saw little differentiation, for example, in comparing m-Hy-12,15A to m-Hy-16,11A; only a fourfold difference was observed against P. aeruginosa. What we return to as a guiding principle is the total number of carbons on the side chains of our multiQACs, which favor 22-25 carbons as optimal substitution. m-Hy-12,12 might represent the best compound in this set, regarding ease of preparation, cost, and uniform activity against a panel of bacteria.
Overall, this work has successfully developed a series of bis-QACs that are structural hybrids of two of the most employed antiseptics in the modern household: BAC and CPC. The hybrids developed herein, exemplified by the easily prepared m-Hy-11,11 and m-Hy-12,12, display strong antimicrobial activity against a variety of bacteria, overcoming some inconsistencies of the current state-of-the-art. We will continue to develop novel and simple structures for potential use in the household and beyond.
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